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Objectives: To characterise possible differences in vascular mechanics between in vitro and in vivo settings. 
Design: Experimental nimal study. 
Material." Segments of abdominal aorta from five 30kg pigs were studied in vitro and five porcine abdominal aortas were 
investigated in vivo. 
Methods: Vessel luminal cross-sectional rea (CSA) was assessed in vitro and in vivo by measuring the electrical 
impedance of fluid inside a distensible balloon mounted on a catheter. Wall thickness was measured in vitro by means of 
20 MHz A-mode ultrasound. The obtained values in vitro were used to calculate wall thickness in vivo. 
Results: The CSAs were larger in vitro than in vivo (p < 0.05). All segments showed stress-strain relations that accorded 
well with the exponential equation: Stress = a. exp(b. Strain). The y-axis intercepts (a) and the slope of the curves (b) 
were different in vitro and in vivo (p < 0.05). Differences were found between the aorta in vivo and in vitro regarding 
the circumferential stress-strain relations, i.e. the stiffest abdominal aorta was found in vivo. 
Conclusions: The differences in dimensions and wall stiffness may be attributed to the tethering to the surrounding tissues 
in vivo. Impedance planimetry combined with high frequency ultrasound is an accurate way of measuring segmental 
vascular elasticity in vivo. 
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Introduction 
The mechanical properties of the vascular system 
determine the pressure-flow relationship of the arter- 
ies, the speed of pulse waves, and the stress-strain 
relations of the walls. ~'2 These properties change with 
age, collagen content, blood pressure, vessel tone, and 
disease, e.g. atherosclerosis. 3 6 The vascular catastro- 
phes of atherosclerotic plaque rupture, rupture of 
aneurysms and aortic dissection are consequences of
mechanical failure. In contrast, procedures uch as 
angioplasty are often effective due to mechanical 
injury to the wall. Repeated PTA produce splitting 
rather than compression of atheroma, as well as 
disruption of the intima 7 leaving the fractured wall 
particular susceptible to circumferential stress failure. 
Moreover, several studies have implicated native 
artery-graft compliance mismatch as a cause of 
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subsequent complications which may affect graft 
patency. 8'9 Consequentls~ mechanical properties differ 
even in adjacent segments of the vessel walls. This 
calls for measurements sensitive enough to detect 
these differences. The applicability of in vitro data to 
normal vessels in vivo has certain limitations: in vivo, 
arterial motion occurs predominately in the circum- 
ferential direction with very little longitudinal exten- 
sion. s Surgical exposure may affect arterial distensi- 
bility. In contrast to conditions in vitro, the aorta in vivo 
may be influenced by tethering to the surrounding 
tissues. Vessel tone, depending on neural and humoral 
factors, may also influence the in vivo 
distensibility. 5,6,1° 
The pulse wave velocity and compliance are most 
frequently used to describe static elasticity. ~1 14 Pulse 
wave velocity is calculated over distance and thus 
segmental differences are not considered. Compliance 
may be calculated from diameter-pressure relations 
but it does not consider wall geometry and strain 
(deformation). The circumferential stress-strain rela- 
tion, which denominates the changes in the applied 
wall stress relative to the fractional change in stretch is 
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a far better parameter of tissue elasticity. Impedance 
planimetry allows measurements of the luminal cross- 
sectional area (CSA) of a balloon placed inside a 
tubular organ. 15A6 By controlling the balloon pressure 
and the CSA under luminal pressure loading, a two- 
dimensional segmental computation of biomechanical 
wall parameters can be obta inedF  The addition of 
high-frequency ultrasound in vitro allows measure- 
ments of the wall thickness, providing the variables 
needed for the determination of the stress-strain 
relations. 
The aim of this study was to characterise possible 
differences in CSA, wall thickness and stress-strain 
relations between porcine aortic segments in vivo and 
in vitro. 
Material and Methods 
A four-electrode impedance measuring system located 
inside a balloon on a 0.5 m long 10 F probe was 
constructed (Fig. 1). The CSA was measured according 
to Ohm's law from the measurements of the imped- 
ance of the fluid inside the balloon. 15'~8 An alternating 
electrical field of 250 mA at 5 KHz was generated 
between two excitation electrodes in a fluid inside the 
balloon (Fig. 1). Two other electrodes for detection 
connected to the measuring system were placed 
between the excitation electrodes. The 50 ~m thick 
non-conducting polyurethane balloon was 35 mm 
long. It could be inflated by infusing 0.09% NaC1 
solution until a maximum CSA of 314 mm 2 via an 
infusion channel which was connected to a manome- 
ter and a high pressure syringe used to control the 
balloon pressure. The calibration of the CSA measur- 
ing system was done at 37°C in a PVC cube with holes 
of known CSA. 
A perfused 6.0 F catheter was placed in the exposed 
left carotid artery and another in the lower abdominal 
aorta via the left femoral artery. The pressure was 
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Fig. 1. Illustration of the impedance probe located inside the aorta. The same probe was used in vitro and in vivo. EE, Excitation electrodes; 
DE, detection electrodes; IH, infusion side-holes; UT, externally mounted ultrasound transducer (used only in vitro); WC, water-filled 
chamber; WL, denotes fluid level. 
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measured by a low-compliance perfusion system 
connected to an external transducer (Siemens Elema 
strain gauge 746, Siemens, Germany). The data of the 
CSA and pressure were amplified, A/D converted at a 
sample frequency of 10 Hz, and stored on a PC for 
later analysis. A 20 MHz focused ultrasound A-mode 
transducer was used (Dermascan-A@, Cortex Technol- 
ogy, Denmark). The pixel resolution was 10 ~trn with a 
maximum tissue penetration range of 13.1 mm. The 
transducer was integrated in a refillable water reser- 
voir (Fig. 1). The sound velocity was pre-set at 1540 
m/s, the average sound velocity in soft tissues. 19 The 
ultrasound echograms were frame grabbed and stored 
on a PC. Data analysis was done using DermPC 1.0@ 
(Cortex Technology, Denmark). 
In vitro study 
Five Danish Landrace Yorkshire (LY-strain) pigs 
(weight: 30 + 3 kg) were used. The animals were fasted 
for 24 h with free access to water. Anaesthesia was 
achieved by inhalation of 25% N20 and 1.5% Halo- 
thane. The abdominal aorta was exposed and marked 
circumferentially 2 cm within the proximal and distal 
points of excision. The average length between these 
markings was determined and used later as a refer- 
ence to the length in vivo. An abdominal aortic 
segment, 10 cm in length, was excised and transferred 
to an organ bath at 37°C. The segment was attached to 
a movable manifold that was used to stretch the 
segment to the in vivo length. The other end of the 
segment was attached in the same manner to a fixed 
socket. The Krebs-Ringer solution in the organ bath 
was continuously bubbled with 95% 02 and 5% CO2. 
The sensing area of the impedance probe was posi- 
tioned 5 cm below the superior mesenteric artery. 
Preconditioning was carried out by cyclically loading 
and unloading the segments from zero to 25 kPa and 
back to zero until stable CSA-pressure loops were 
obtained (1 kPa = 7.5006 mm Hg). Then, the actual 
experiment was initiated with a distension series 
ranging from 0 to 25 kPa in 5 kPa increments. At each 
pressure step, CSA and wall thickness were registered 
at steady state. The criterion for steady state during 
the 2 min distension period was defined as an increase 
in CSA less than 0.1 mm2/s. The site for ultrasound 
measurements was at the ventral surface of the 
segment exactly above the corresponding site of CSA 
measurements. The ultrasound transducer was placed 
with a positioner at a horizontal and vertical right 
angle to the surface. 
In vivo study 
Five LY-strain pigs (weight: 32 + 1 kg) were used for 
the in vivo testing. Anaesthesia was achieved as in the 
other pigs. Measurements of blood pressure at this 
stage revealed no differences between the pigs of the 
in vivo and the in vitro groups (average pressures were 
106 and 109 mmHg in the two groups) and blood 
pressure remained stable throughout the procedures. 
The abdominal cavity was opened to facilitate correct 
placement of the probe and to assure that the 
transmural pressure would be equal to the applied 
balloon pressures. The animals were heparinised prior 
to the introduction of the impedance probe. The probe 
was inserted into the abdominal aorta via the right 
femoral artery. Measurements were carried out 5 cm 
distally to the superior mesenteric artery. Position of 
the distensible balloon was confirmed by fluoroscopy. 
The balloon was pressurised toproduce consecutively 
increasing pressures from 10 to 35 kPa at 5 kPa 
increments. To study a possible ffect of vascular tone 
in vivo, a nitroglycerine bolus of 0.013 mg/kg was also 
infused. 
Data analysis 
The values of the luminal CSA, pressure and wall 
thickness at steady state were used for the calculation 
of biomechanical wall parameters defined as: 
Circumferential Stress: Oo = P(ra -1 ÷ rb-1) -1 h -1 
Where P is the transmural pressure difference which is 
equal to the distension pressure (zero reference was 
ambient atmospheric pressure), ra is the luminal 
radius calculated as: (CSA ~-1)-o.5, rb is half the 
balloon length assuming a circular cross section 
according to the law of Laplace is and h is the 
thickness of the wall measured in vitro. The wall 
thickness was computed in vivo at each pressure step. 
This was done using the mean wall thickness at the 
no-load state in vitro (h0) to determine the wall CSA at 
that stage in vivo assuming incompressibility (constant 
wall CSA). Thus, the wall thickness could be calcu- 
lated as: 
h = ((CSAo + CSAp)~-l)-°'5-ra. 
Where CSAo is the no-load CSA, CSAp is the CSA at 
a given pressure and ra is the radius (calculated from 
the CSAp) at that pressure. 
Circumferential Strain: so = (ra-ro) ro -1 (unitless), 
where ro is the radius at the no-load state in the in vitro 
set-up. In the segments tudied in vivo, it was 
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impossible to determine ro without removing the 
segment. Therefore, the mean value of r o determined 
in the excised segments was used as a reference in the 
strain computations. Results are expressed as 
mean+s.E. BMDP (BMDP/DYNAMIC Release 7.0, 
Cork, Ireland) was used for statistical evaluation and 
p < 0.05 was regarded as significant. 
Results 
Balloon distension at all pressure levels in vitro and in 
vivo resulted in an initial phase of rapid CSA increase 
followed seconds later by a phase of slow CSA 
increase (creep) until a steady state was reached (Fig. 
2). During each inflation series in vivo the carotid 
blood pressure increased 25-35%. The blood pressure 
did not allow the balloon to be properly inflated at 
pressures below approximately 10 kPa resulting in 
unstable CSA values. Consequently, we only included 
measurements from this value upwards. 
Steady state CSA values of all aortic segments had a 
non-linear elation to the distension pressure (Fig. 3). 
The CSA-pressure relations were significantly differ- 
ent between the in vitro and the in vivo group (p < 0.05). 
Nitroglycerine had no significant effect on the CSA in 
vivo: at 35 kPa pressure the CSA was 91.2_+ 14.4mm 2 
and after nitroglycerine 97.9 + 7.3 mm 2 (p > 0.3). At the 
no-load state the measured in vitro wall thickness was 
1.01 + 0.07 mm and calculated in vivo it was 0.96 + 0.07 
mm (p > 0.2). All segments howed circumferential 
stress-strain relations that accorded well with the 
exponential equation: Stress = a / exp(b / Strain) (Fig. 
3). The determination coefficients (r2) were 0.96 + 0.01 
and 0.98 + 0.01 in the excised and the segments in vivo, 
respectively. The intercept with the y-axis (a) was 
4.50 + 1.69 in vitro and 45.42 + 5.10 in vivo (p < 0.05). 
The slope of the curves (b) was 9.26+1.55 and 
3.93 + 0.24 in vitro and in vivo (p < 0.05). 
Discussion 
In the present study a new intravascular method, 
impedance planimetrN was applied in vitro and in vivo 
to measure CSAs at standardised pressures. Fur- 
thermore, ultrasound was used in vitro to obtain data 
on wall thickness for computation of stress-strain 
relations. The major findings were that the elastic 
properties were exponential by nature, differences 
were found between the in vivo and in vitro situation, 
and in vivo tone could not explain this difference. 
To study the static elastic wall properties, only 
measurements at steady state were used to allow the 
viscoelastic reep phase to subside. In addition, the 
tissue was preconditioned in vitro to reach stability 
after handling and surgery. The luminal CSA-pressure 
relations were larger in vivo than in vitro. The non- 
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Fig. 2. Tracings of pressure and cross-sectional area obtained from the abdominal aorta from pig in vivo. The bold numbers above the cross- 
sectional area (CSA) data denotes the applied pressure in kPa. The carotid artery pressure (Ca*) and the femoral artery pressure (Fe) is 
shown in the top (* for visual purposes the carotid artery pressure is moved above the femoral pressure). When the aortic balloon was 
inflated the mean blood pressure increased from 106 to 125 mm Hg and decreased to normal upon deflation of the balloon. 
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linear appearance of the stress-strain relations corre- 
sponded well to findings described in previous in vitro 
studies of aortic mechanics. 2'2°'21 The in vivo circum- 
ferential stress-strain relations were transposed sig- 
nificantly to the left compared to the situation in vitro 
indicating increased stiffness in vivo. Arteries are 
externally restrained in the longitudinal direction 
through the merging of the adventitia with surround- 
ing connective tissue and by their branches,  Also, the 
presence of other forces such as those associated with 
the movement of the heart and proximal aorta during 
the cardiac cycle, and with respiration 22adds to the 
complexity of comparing vessels in vitro and in vivo. 
Surgical isolation removes this constraint. This per- 
mits the vessel to distend and decreases the wall 
stiffness. 5 Furthermore, the vessel in vitro is without 
tone which may decrease resistance to distension. 
However, in these studies nitroglycerine lacked an 
effect indicating that tethering to the surrounding 
structures may cause the difference. However, this 
issue needs further investigation i an in vivo study 
with dissection of the surrounding tissues. 
In vivo, studies of arterial mechanics without surgi- 
cal exposure of the vessel are sparse and mainly 
confined to various ultrasound techniques, generating 
images from which luminal CSAs may be calcu- 
lated. ~2'13'23"24 By simultaneous blood pressure mon- 
itoring some information of CSA-pressure relations 
may be obtained. Information outside the blood 
pressure range is not available making inter-individ- 
ual comparisons difficult. The resolution of 5-7.5 MHz 
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Fig. 4. Circumferential stress-strain relations invitro (O) and in vivo 
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non-invasive xtravascular ultrasound is low, making 
exact determination f variations in luminal CSA and 
wall thickness difficult. Furthermore, the oscillating 
nature of the blood pressure on the vessel wall tends 
to decrease the measured elasticity in a frequency- 
dependent manner. 2s'26 Moreover, the elastic proper- 
ties measured by ultrasound are more likely to reflect 
viscoelasticity since steady state conditions cannot be 
achieved. This is in contrast to the methodology of the 
present study where a period of 30-40 s was allowed 
during luminal pressure loading to reach steady 
state. 
Possible sources of error regarding impedance 
planimetry have previously been described in detail 
and were all accounted for. 16'18 The major limitation of 
this method is vessel obstruction during in vivo 
measurements. Occluding blood flow may cause 
ischaemia of the smooth muscle cells in the wall  
which subsequently could alter the mechanics. In 
addition, the rise in blood pressure during balloon 
distension might also affect he mechanics. However, 
good reproducibility during repetitive measurements 
in pilot studies (unpublished results) was found and 
so the effect from blood pressure increase, ischaemia 
or ischaemic preconditioning was probably negligible. 
Sources of error regarding the ultrasound measure- 
ments included possible transducer induced compres- 
sion of the vessel wall, irregularities in the positioning 
of the transducer, and the accuracy of the ultrasound 
measurements. Regarding the latter, high frequency- 
ultrasound correlates well with the histology of 
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arterial walls, and has been shown to provide accurate 
measurements of wall thickness in arteries. 27 
In conclusion, the present study using impedance 
planimetry demonstrated ifferences in luminal 
dimensions and mechanical properties of the porcine 
abdominal aorta in vivo and in vitro. Combined 
impedance planimetry-high frequency ultrasound 
provide segmental measurements of the key variables 
determining stresses and strains in a controlled 
pressure range. Impedance planimetry may be further 
developed for intravascular use and find wider 
application during surgical procedures or PTA where 
changes in the elastic properties are of particular 
interest. 
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